Descriptions of receptive fields at subcortical levels of the visual system have mostly considered only the classical receptive field (CRF). A suppressive extraclassical receptive field (ECRF) has been demonstrated in relay cells within the primate lateral geniculate nucleus (LGN), but the quantitative properties and specific influence of the ECRF on the distinct magnocellular (MC), koniocellular (KC), and parvocellular (PC) pathways are not known. Here we quantified the effect of ECRF stimulation on visually responsive cells in the LGN of a diurnal New World primate, the marmoset. We show that for all cells, visually evoked responses are reduced by stimulation of the ECRF. The magnitude of the suppression is greatest for MC cells and smallest for PC cells. The effect of ECRF stimulation on KC cells is variable but always suppressive. We refer to these effects as extraclassical inhibition (ECI). The contrast-response relationship of the ECI parallels that of CRF-induced excitation for each cell class: for MC cells, ECI contrast threshold is close to 10% and the ECI saturates at 50% contrast, but the contrast dependence of ECI on PC cells is more linear. The ECI also contributes to contrast-dependent changes in spatial summation: on average for all LGN cells the radius of the excitatory spatial summation field (measured from aperture-tuning curves) at low contrast is 1.31 times that at high contrast. No consistent effects of orientation on ECI were seen. The data suggest that the suppressive component of the ECRF seen in cortical neurons could primarily be inherited from subcortical input streams.
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The classical receptive field (CRF) is a region of visual space where presentation or withdrawal of light causes changes in the rate of action potentials in a visually responsive unit (Hartline, 1940; Kuffler, 1953; Hubel and Wiesel, 1959) . The extraclassical receptive field (ECRF) is a region of visual space where an appropriate stimulus can modulate the responses evoked from the CRF (for review, see Allman et al., 1985) . In primary visual cortex, the ECRF can act to either suppress or to facilitate responses, and the ECRF has been proposed to underlie perceptual phenomena including detection of orientation discontinuities, "filling-in" phenomena, and figure-ground processing (Fiorani et al., 1992; Kapadia et al., 1995; Polat et al., 1998; Li et al., 2000) .
One manifestation of an ECRF, termed the "suppressive field," has been consistently demonstrated in relay cells within the lateral geniculate nucleus (LGN) (Hubel and Wiesel, 1961; Singer and Creutzfeldt, 1970; Levick et al., 1972) . In the cat LGN, the ECRF acts primarily by inhibition (Cleland et al., 1983; Vidyasagar, 1984; Murphy and Sillito, 1987; Sillito et al., 1993; Jones et al., 2000) . Few studies have examined the ECRF in primate LGN, and fundamental questions remain unanswered. First, it is not clear whether the ECRF is solely suppressive in primates (McClurkin and Marrocco, 1984; Marrocco and McClurkin, 1985; Felisberti and Derrington, 2001) . Second, whether the ECRF influences activity in each of the distinct parallel [parvocellular (PC), magnocellular (MC), and koniocellular (KC)] subdivisions of the subcortical visual pathway is not known. Third, quantitative comparison between the ECRF effects in primate visual cortex and lateral geniculate nucleus is still lacking.
Here we describe the ECRF of relay cells in the LGN of the marmoset Callithrix jacchus, a diurnal New World monkey with high-acuity spatial vision (Ordy and Samorajski, 1968) . Its retina and subcortical pathways are quantitatively comparable with that of Old World primates (Dacey and Petersen, 1992; Goodchild et al., 1996) . The marmoset LGN contains a well defined KC layer between the main PC and MC layers (Kaas et al., 1978; Goodchild and Martin, 1998) , making it possible to record selectively from KC cells in this species (for review, see Hendry and Reid, 2000) .
The CRF properties of PC and MC cells in primates are overlapping but distinctive (Dreher et al., 1976; Derrington and Lennie, 1984; Kaplan and Shapley, 1986; Kremers and Weiss, 1997; Usrey and Reid, 2000; White et al., 2001) . The properties of KC cells in the marmoset and in nocturnal primates (Norton and Casagrande, 1982; Norton et al., 1988; Solomon et al., 1999; White et al., 2001; Xu et al., 2001) are intermediate between those of PC and MC cells. Felisberti and Derrington (2001) showed that abrupt movement of remote targets (the "shift effect"; McIlwain, 1966; Cleland et al., 1971) inhibits ongoing activity in cells in all divisions of marmoset LGN. Here we characterize the ECRF of geniculate cells at a more local spatial scale, where robust ECRF effects are seen in cortical neurons (Kapadia et al., 1995; Levitt and Lund, 1997; Li et al., 2000) .
MATERIALS AND METHODS
E xtracellular recordings. Recordings were made from five adult male marmosets (Callithri x jacchus jacchus), body weight 250 -390 gm. Animals were obtained from the Australian National Health and Medical Research Council (N HMRC) combined breeding facility. All procedures used conform with the provisions of the Australian N HMRC code of practice for the care and use of animals. All animals were initially sedated with isoflurane (ICI, 1.5-2%) and intramuscular ketamine (30 mg / kg) for surgery. A femoral vein and the trachea were cannulated. Animals were artificially respired with a 70 -30% mixture of NO 2 :carbogen (5% C O 2 in O 2 ). A venous inf usion of 40 g ⅐ kg Ϫ1 ⅐ hr Ϫ1 alcuronium chloride (Alloferin; Roche Products, Dee Why, Australia) in dextrose Ringer's solution was inf used at a rate of 1 ml / hr to maintain muscular relaxation. Anesthesia was maintained during recording by intravenous inf usion of sufentanil citrate (Sufenta-Forte; Janssen-C ilag; 4 -8 g ⅐ kg Ϫ1 ⅐ hr Ϫ1 ). Electroencephalogram and electrocardiogram signals were monitored to ensure adequate depth of anesthesia. End-tidal CO 2 was measured and maintained near 4% by adjusting the rate and stroke volume of the inspired gas mixture. The pupils were dilated with topical atropine and neosynephrine. Penicillin and corticosteroids were administered daily.
The animal was mounted in a stereotaxic headholder. The eyes were protected with oxygen-permeable contact lenses and focused on a tangent screen at a distance of 114 cm. Refraction was optimized by adding the supplementary lens that maximized the spatial acuity of the first (parvocellular) unit encountered for each eye. The stereotaxic frame was tilted to bring the optic axis close to the horizontal plane, and the positions of the fovea and optic disk were mapped onto the tangent screen with the aid of a f undus camera equipped with a rear projection device. The table supporting the stereotaxic frame could be rotated as required to bring the receptive fields of recorded cells close to the center of the tangent screen. Such movements were monitored by means of a laser attached to the table.
A craniotomy was made over the LGN, and a microelectrode (parylene-coated tungsten or glass-coated steel; Impedance 5-12 M⍀; Frederick Haer Co., Bowdoinham, M E) was lowered into the LGN. Action potentials arising from visually responsive units were identified (Bishop et al., 1962) . The time of their occurrence was measured with an accuracy of 0.1 msec and stored.
V isual stimuli. The location of the receptive field of each cell encountered was mapped on the tangent screen. A gimballed, front-silvered mirror was placed in the optical path, and its angle was adjusted to position the receptive field of the cell at the center of a CRT monitor. The optical path length to the monitor was 114 cm. C are was taken to position the receptive field precisely by centering the receptive field on a grating presented within a 0.1 or 0.2°diameter aperture at the center of the screen. The position of the receptive field was checked periodically. Adjustment was rarely required. Visual stimuli were generated by a VSG Series Three computer (C ambridge Research Systems, C ambridge, UK) and presented on a Reference C alibrator Plus monitor (Barco) at a frame refresh rate of 100 Hz. The mean luminance of the screen was 55 cd /m 2 . The colorimetric properties of the monitor were measured using a Pritchard-type photometer (PR-650; Photo Research, Palo Alto, CA). The reader should note that the small size of the marmoset eye (Troilo et al., 1993) means that retinal flux per candela is almost four times higher than for human. The maximum Michelson contrast was 98%. For all stimuli described below, gratings were surrounded by a uniform field (outer dimensions, 20 ϫ 15°) at the mean luminance. Analysis of responses to heterochromatic stimuli (Yeh et al., 1995) for a subset of cells in each animal (data not shown) revealed that all animals expressed the 543 nm opsin in the medium -long (ML) wavelength-sensitive cone.
The optimal spatial frequency, temporal frequency, and orientation were determined for each cell using drifting gratings presented within a 2°diameter aperture. A contrast-response curve was measured to find a contrast that gave robust responses (generally 15-30 impulses/sec) within the linear contrast-response range of the cell. This "optimum grating" was presented in a series of circular apertures with varying radius (0.05-6°). It rapidly became apparent that responsivity to stimuli presented in large apertures was lower than that in smaller apertures for all but a few of the visually responsive units. Furthermore, for the vast majority of units, visual stimuli presented outside the optimal aperture (defined by the peak of the aperture-tuning curve) did not have any effect on the maintained discharge rate. The border of the optimum aperture thus lies outside the CRF. We hereinafter refer to these two regions as the CRF and extraclassical inhibitory field (ECI), and consider that properties of the contributing mechanisms are revealed by stimuli restricted to either inside, or outside, the optimum aperture. The reader should note, however, that the ECI mechanism, by analogy with the CRF surround mechanism, could extend through the CRF region.
The effect of ECI on spatial resolution was determined by measuring spatial frequency tuning curves in optimal and large (4 -6 o radius) apertures. Orientation tuning in the ECI was measured by presenting the optimum grating to the CRF and simultaneously presenting a second grating in a contiguous annulus. The parameters for the ECI stimulus were the same as for the CRF stimulus except that the ECI stimulus orientation was systematically varied. For some units the effect of orientation and spatial frequency of the CRF and ECI stimuli were investigated by systematically varying these parameters. The contrast-response relationship of CRF and ECI regions was measured. Responses were measured for seven CRF grating contrasts at each of four ECI grating contrasts between 0 and 100%. The spatial phase of the CRF and ECI stimuli was identical.
The effect of contrast on aperture tuning was measured, using two contrasts that gave robust responses and were within the linear range of the cell response. Presentations of high-and low-contrast conditions were interleaved. Aperture radius varied from 0.05-6 o . All stimuli were presented in interleaved or pseudorandom order, with a uniform field of mean luminance interposed for one second between each presentation.
Histolog ical processing. The position of each recorded cell was noted by reading the depth from the hydraulic microelectrode advance (David Kopf Model 640). Electrolytic lesions (6 -10 A ϫ 6 -10 sec, electrodepositive) were made to mark the position of each electrode track. At the conclusion of the recording session, the animal was killed with an overdose of pentobarbitone sodium (80 -150 mg / kg, i.v.) and perf used with 0.25 l of saline (0.9% NaC l) followed by 0.3 l of freshly prepared 4% paraformaldehyde in 0.1 M phosphate buffer (PB). The brain was removed and post-fixed in the 4% paraformaldehyde in PB for 12 hr then placed in 30% sucrose in PB until it sank. Serial coronal sections at 30 m thickness were cut on a freezing microtome, mounted, air-dried, counterstained with cresyl violet, dehydrated, and coverslipped with Ultramount. The position of recorded cells was reconstructed by identif ying lesions and correlating changes in eye dominance with layer changes.
Data anal ysis. For each data point, 8 -12 sec of cell response to two or three presentations of the stimulus was obtained. Peristimulus time histograms were constructed for each presentation and subject to discrete Fourier analysis. The average first harmonic amplitude was used as the measure of response. Spontaneous activity was calculated as the first harmonic amplitude during presentation of a uniform field at mean luminance. These presentations occurred between trials and at the end of each stimulus set. Optimal parameters were found by minimizing the mean square error (MSE) between the data and the f unction prediction using a Levenberg-Marquet optimization routine (Matlab version 5.2; Mathworks, Natick, M A).
Spatial f requenc y tuning. The difference-of-Gaussians (DOG; Rodieck, 1965) model of the CRF represents the sensitivity profiles of center and surround as Gaussian f unctions. For gratings of varying spatial frequency and fixed contrast, the center response, R c , can be expressed as:
where f is the spatial frequency of the stimulus in cycles per degree, C is the Michelson contrast of the stimulus, K c is the peak sensitivity of the center Gaussian, and r c is the radius of the center Gaussian where sensitivity has fallen to 1/e of the peak (Enroth-Cugell and Robson, 1966; Croner and Kaplan, 1995) . A similar expression can be written for the surround, R s . The center and surround regions are considered to be antagonistic such that the response of the cell, R, is:
where R 0 is spontaneous activity. Substituting in the expressions for the spatial frequency tuning curves of center and surround (Eq. 1) gives:
where K s is the peak sensitivity of the surround Gaussian, and r s is the radius of the surround Gaussian where sensitivity has fallen to 1/e of the peak. Spatial frequency tuning curves were fit with Equation 2 with four free parameters: K c , r c , K s , and r s . The parameters were constrained to be positive. For some purposes (see below), only the center radius and sensitivity were estimated, from data points at and above the optimal spatial frequency, using two free parameters, K c and r c . Aperture-tuning curves. Responses to stimuli presented in variablesized apertures were fit with a model developed to describe spatial summation in visual cortex (Sceniak et al., 1999) . Response amplitude is modelled as the difference of the integrals of two Gaussians. One Gaussian describes the excitatory discharge region, and the other Gaussian describes the inhibitory surround. In the spatial domain, this equation has the form:
where s is the radius of the aperture in degrees, and R 0 is the spontaneous activity. There are four free parameters: K e and r e , the peak sensitivity and radius of the excitatory Gaussian; and K i and r i , the peak sensitivity and radius of the inhibitory Gaussian. As with the classical DOG model, the radii in this model, r e and r i , are the radius of the relevant Gaussian where sensitivity has fallen to 1/e of the peak. For each aperture radius (s), the excitatory and inhibitory responses are estimated by integrating each Gaussian for all y such that Ϫs Յ y Յ s. The four free parameters were estimated by fitting the f unction to the data with the only constraint that these parameters be positive.
Contrast-response curves in annuli of var ying contrast.
By separately presenting stimuli to the classical and extraclassical fields, it should be possible to gain more insight into the nature of the interactions between the two regions. The contrast-response relationships of the excitatory and inhibitory regions were measured, and modelled as independent Naka-Rushton f unctions with the form:
where a is the saturating response amplitude of the mechanism, and b is the contrast at half that amplitude. We evaluated two ways in which the ECI could exert its effect on the CRF response: (1) the ECI is subtractive or (2) the ECI is divisive. Subtractive inhibition was modelled as:
and divisive inhibition was modelled as:
where R 0 is the spontaneous activity of the LGN cell, E is the Naka-Rushton function for excitation, of the form in Equation 4, I is the function for inhibition, SC is the contrast of the inner grating, and AC is the contrast of the annulus grating. We assumed that both contrast-response functions passed through 0 at 0% contrast and therefore that the LGN cell generated any spontaneous activity (R 0 ). For the subtractive model (Eq. 5), the contrast-response curve must pass through the point (0, R 0 ) only when the annulus contrast is 0%. For the divisive model (Eq. 6), the contrast-response curve must pass through the point (0, R 0 ) for all annulus contrasts. When negative firing rates were predicted by the subtractive model, they were coerced to zero before calculating the fit error. Both Equations 5 and 6 have four free parameters: the maximum amplitude, a e and half-saturation contrast, b e , of the excitatory region; and the maximum amplitude, a i and half-saturation contrast, b i , of the inhibitory region. The initial gain of each mechanism is defined as a/b. For a cell with a linear contrast-response function, the half-saturation constant and response maximum are poorly constrained. For this reason the upper limit of the half-saturation constants, b e and b i was set to be 3000. The parameters were estimated by fitting the function to the matrix of 28 data points (seven CRF contrasts at each of four ECRF contrasts).
RESULTS
In the following, we show that the ECRF in marmoset LGN cells acts to inhibit visually evoked activity. This effect is referred to as ECI. We show that ECI is more pronounced in MC cells and KC cells than in PC cells. The ECI has a higher spatial frequency resolution than the classical surround, is not sensitive to orientation, and its strength increases with increasing contrast. The ECI thus contributes to length tuning and provides a contrast gain control to LGN cells. Furthermore, the ECI contributes to contrast-dependent changes in spatial summation. Thus, significant attributes of the ECRF of cortical cells are already manifest at the subcortical level.
A total of 61 LGN cells was recorded. Of these, 27 were PC cells, 23 were MC cells, and 11 were in the KC layer between the internal parvocellular and magnocellular layers, also called the Ipm (Kaas et al., 1978; White et al., 1998) . Three of the KC cells were "blue-on" cells. All but one cell (a KC cell) in the dataset showed linear spatial summation (presence of a null spatial phase) when tested with contrast reversal gratings. Figure 1 shows the fundamental observation. For this MC cell the spontaneous activity ( Fig. 1 A) is not changed when an annulus grating is presented outside the CRF (Fig. 1 B) . However, the vigorous response elicited from the CRF by a grating of optimal spatial and temporal frequency (Fig. 1C) is substantially reduced when the grating is extended to cover 12°of visual space (Fig.  1 D) . The DOG model of the CRF (Rodieck, 1965) and the frequency-domain fit to the responses of one MC cell are shown in Figure 2 . Note that the DOG model (Eq. 2) (Fig. 2 A,B) predicts that at the optimal spatial frequency or above, the classical surround does not contribute to the cell response. Nevertheless, this grating, which isolates the classical center mechanism, causes response attenuation in large apertures (Fig. 2 D) . Sceniak et al. (1999) showed that for primary visual cortex in macaque, a spatial difference-of-Gaussians (sDOG) model (Eq. 3) (Fig. 2C ) provides a good description of the cell response to varying aperture size. In the following we show that the model can be used to study ECI in primate LGN cells. Figure 3 shows aperture-tuning curves and the best-fitting sDOG model for typical PC, MC, and KC cells. We emphasize that these curves were measured at optimal spatial frequency, and thus the contribution of the classical surround to the aperture tuning curve should be negligible. We first asked whether the different cell classes were equally affected by ECI. Response suppression was quantified as response amplitude to large (diameter 12°) gratings as a percentage of response amplitude at the peak of the aperture-tuning curve. The mean response in MC cells in large apertures was 46.4% of the response in optimal aperture (SD ϭ 16.6%; n ϭ 23). For PC cells, suppression was also present, but was weaker (mean ϭ 71.1%; SD ϭ 13.0%; n ϭ 27). The two populations are significantly different ( p Ͻ 0.0001; Student's t test). The KC cells showed various degrees of aperture tuning: suppression in three of the eleven cells was greater than any observed in the PC layers. No clear differences between onand off-center units were apparent for any cell group. In summary, all LGN cells show suppression from the ECRF, and this suppression is, on average, greatest in MC cells.
Effect of ECI on spatial tuning
How does the ECI act to reduce the sensitivity to stimuli in the CRF? We considered two possibilities: the action of the ECI could be manifest as a reduction in either (1) the radius, or (2) the peak sensitivity, of the CRF center. To distinguish these possibilities, spatial frequency tuning curves were measured within the linear contrast range in both optimal and large apertures. The high-frequency limb of each response function was fit with a single Gaussian describing the classical center mechanism (see Materials and Methods). For the cell shown in Figure 4 A, the classical center radius (r c ) in the large aperture was reduced to 98.4% of that in the optimum aperture. On average, little change in radius was seen in the sample of cells (mean, 100.22%; SD, 26.04%; n ϭ 40) (Fig. 4 B) . The differences in peak sensitivity (K c ) of the center were quantified in the same way. For the cell in Figure 4 A, the peak sensitivity in the large aperture was 72.4% that in the optimum aperture. The average decrease for the population of cells was 72.5% (SD, 29.7%; n ϭ 40). Thus, the peak sensitivity of the center mechanism is substantially decreased in large apertures. This ECI-induced attenuation was more pronounced in MC cells (mean, 57.0%; SD, 24.7%; n ϭ 17) than PC cells (mean, 80.5%; SD, 16.9%; n ϭ 18). As noted above, contribution of the classical surround mechanism to this effect is practically ruled out because the surround does not contribute to responses at or above the optimal spatial frequency. We conclude that the ECI action is predominantly manifest as a decrease in the peak sensitivity of the CRF. Figure 4C shows that for the majority of cells, this leads to a decrease in the contrast sensitivity (volume) of the center mechanism.
The radius and peak sensitivity of the CRF center increases with eccentricity in the visual field (Derrington and Lennie, 1984; Croner and Kaplan, 1995; Kremers and Weiss, 1997) . We asked whether the optimum aperture size also increases with eccentricity. Figure 5A shows classical center radius as a function of eccentricity, measured within large apertures (radius 4 -6 o )
. Figure 5B shows that excitatory field radius also increases with eccentricity. There were similar increases for classical surround and inhibitory field radii, although these values were more variable (Fig. 5C,D) . Regression lines with the form r c ϭ exp
, where x is eccentricity in degrees, were fit to the CRF center data. For PC cells, the slope, a, was 0.11, and the r c intercept, b, was Ϫ3.4. For MC cells, a was 0.07 and b was Ϫ2.4. Regression lines with the same form, r e ϭ exp (a.x ϩ b) , where x is eccentricity in degrees, were fit to the excitatory field radius data. For PC cells, the slope, a, was 0.078, and the intercept, b, was Ϫ1.7. For MC cells, a was 0.084, and b was Ϫ1.5. Thus, PC cells have, on average, smaller CRF center radii and smaller excitatory summation field radii than MC cells at any eccentricity. Figure 6 shows that the CRF center size is strongly correlated to the excitatory radius, but less so to the inhibitory radius. Two possible relationships between the sizes of the CRF center and the excitatory or inhibitory summation field were evaluated. The first was a linear relationship, with the form r e ϭ a ⅐ r c ϩ b. The second was a power law relationship, with the form r e ϭ b ⅐ r c a .
The MSE between the data points and the regression line was calculated for each relationship. Excitatory radius (r e ) was highly correlated with CRF radius (r c ) (linear: r e ϭ 3.191 ⅐ r c ϩ 0.075; r 2 ϭ 0.696; MSE ϭ 0.068; power: r e ϭ 2.023 ⅐ r c 0.721 ; r 2 ϭ 0.611; MSE ϭ 0.086; p Ͻ 0.0001 in both cases). The linear function provides a slightly better fit to the relationship between CRF center size and excitatory field radius, although as is obvious from Figure 6 A, the two functions are similar in the range measured. Inhibitory radius (r i ) showed a similar, though less well correlated, relationship with CRF center size (linear: r i ϭ 3.184 ⅐ r c ϩ 0.64; r 2 ϭ 0.338; MSE ϭ 0.289; power: r i ϭ 2.884 ⅐ r c 0.512 ; r 2 ϭ 0.407; MSE ϭ 0.305; p Ͻ 0.0001 in both cases). In summary, there is a strong relationship between the CRF center radius and the dimensions of the excitatory and inhibitory summation fields of LGN neurons.
Orientation tuning of ECI
Studies in the cat LGN show that the ECI effect is dependent on the relative orientation of stimuli presented to the classical and extraclassical fields (Sillito et al., 1993) . We asked whether this effect is also present in primate LGN. Gratings were presented simultaneously to the CRF and ECI regions. The orientation of the CRF grating was optimized for the cell. The orientation of the ECI grating was varied. Other stimulus parameters were optimal for the CRF, and were identical for both regions. The results (Fig. 7) showed that in general, ECI grating orientation has only weak effects. The cells in Figure 7 , A and B, are the cells in the dataset that showed the greatest dependence on ECI grating orientation. The cell in Figure 7A shows least suppression when the two stimuli were orthogonal. This effect was independent of the direction of movement of the ECI grating. The KC cell in Figure 7B shows least suppression when the two stimuli were parallel and shows some direction-dependent effect of ECI orientation, with a minimum at approximately Ϫ90°. Two other KC cells also showed ECI grating direction dependence. A more typical cell is shown in Figure 7C . In this case, the most obvious effect of the annulus was to suppress the response of the cell at all annulus orientations, with a slightly greater suppression when the annulus and inner grating were parallel.
Overall, there was little difference between the effect of parallel or orthogonal gratings of optimal spatial frequency for any of the cell groups (Fig. 7D) . It has been suggested that the effect of annulus orientation is greater at low spatial frequencies (Cudeiro and Sillito, 1996) . We tested a subset of cells (Fig. 7E ) with low spatial frequency gratings (Յ0.4 cycles/°). There was no systematic effect of annulus orientation. In cells where the CRF showed significant orientation bias, the effect of annulus orientation was also tested at preferred and nonpreferred orientations of the center spot (data not shown). Many cells were also tested with the annulus-orientation paradigm at several spatial frequencies and with aperture sizes above or below optimum. None of these manipulations generated consistent annulus orientation tuning. Sceniak et al. (1999) showed that spatial summation in macaque primary visual cortical cells is contrast-dependent. We asked whether this effect is already present at the level of the LGN. The effect of contrast on the sizes of the excitatory (r e ) and inhibitory (r i ) spatial summation mechanisms was measured as shown in Figure 8 . For the cells in Figure 8 A-C, the excitatory summation region was larger at lower contrast. For the PC cell in Figure 8 A, the value of r e at low contrast was 1.45 times the size at high contrast; for the MC cell in Figure 8 B the ratio of r e at low contrast to that at high contrast was 2.37; for the KC cell in Figure  8C , the ratio was 1.16. The radius of the inhibitory region showed less consistent changes.
Effect of contrast on spatial summation in LGN neurons
Aperture tuning curves were measured at two contrasts for 57 cells (26 PC, 20 MC, 11 KC) . For all cell groups, the radius of the excitatory field increases at lower contrasts. On average the radius of the excitatory field at low contrast is 1.31 times that at high contrast (Fig. 9A,B) ( p Ͻ 0.001, paired Student's t test). Such a consistent change in size was not the case for the inhibitory field (mean ratio of r i at low contrast to r i at high contrast was 1.05, data not shown, p ϭ 0.3, paired Student's t test). The relative strength of the ECI also declines at low contrast, particularly for MC cells (Fig. 9C,D) . On average, the percentage-of-peak response of the cell at low contrast is 1.18 times that at high contrast ( p Ͻ 0.0001; paired Student's t test). For one blue-on koniocellular cell, aperture-tuning curves were measured for achromatic gratings and also for isoluminant gratings modulated along a short wavelength-sensitive (SWS) coneisolating axis [CIE 1931 (x,y) : (0.323, 0.271) to (0.400, 0.456)]. The maximum cone contrasts along this axis were 60.8% in the marmoset SWS cone and 1.7% contrast in the single ML cone present (in this case a cone with peak absorbance at 543 nm). These aperture tuning curves are shown in Figure 10 . For both conditions, the cell shows extraclassical inhibition that increases with contrast. For low achromatic contrast, the response in large aperture was 64.3% of the peak; for high contrast, it was 53.2% of the peak. For SWS-isolating gratings, responses in large apertures were 93.8% of the peak at low contrast and 85.2% of the peak at high contrast. Thus, extraclassical inhibition was higher for achromatic gratings than for SWS cone isolating gratings. Another difference can be seen in Figure 10 : for achromatic gratings the peak aperture shrinks with increasing contrast such that the excitatory field radius at low contrast was 1.29 times that at high contrast. This phenomenon was not evident when SWS coneisolating gratings were used (radius ratio, 1.03). Extraclassical inhibition to this blue-on cell is therefore dominated by input from ML cone mechanisms, with weaker input from SWS cone mechanisms.
The effect of ECI contrast on the contrast sensitivity of LGN cells
The final experiment examined the contrast-response relationship of the CRF and ECI regions. Concentric gratings with independently variable contrast were presented simultaneously. The diameter of the inner grating was optimal for the cell and therefore mainly stimulated the excitatory input of the CRF. The contiguous annulus grating was used to stimulate the ECI region. The stimulus configuration is shown in Figure 11 B. Figure 11 shows average responses of PC (Fig. 11 A) (n ϭ 18) and MC (Fig. 11 B) (n ϭ 14) cells. When the contrast delivered to the CRF was below ϳ8%, the response of most cells was not altered by the presence of an annulus grating. In three of the MC cells in this sample, responses at low CRF contrasts were facilitated by high-contrast annulus gratings. At CRF contrasts Ͼ8%, however, the effect on all cells was exclusively suppressive. The contrast-response properties of both MC and PC cells are preserved at all ECI contrasts: PC cells are relatively insensitive, and their response is an approximately linear function of contrast delivered to the CRF; MC cells are more sensitive, and their response shows saturation at higher CRF contrasts.
Responses were fit to a model incorporating separate contrastresponse functions for the CRF and ECI. Two models were evaluated (see Materials and Methods). The divisive model of inhibition (Eq. 6) proved superior to the subtractive model (Eq. 5). The MSE returned by the divisive model was 11.87 (SD ϭ 11.45). This value is significantly lower than that of the subtractive model (MSE, 21.94; SD, 22.32 ; p ϭ 0.0081; paired Student's t test). Best-fit results of the divisive model are shown as solid lines in Figure 11 .
In Figure 12 A, the half-saturation constants of CRF excitation (b e ) and ECI inhibition (b i ) from the divisive model are plotted. The dashed lines show the maximum values allowed in the fit. This plot shows that MC and PC cells are primarily segregated by the half-saturation constant of the CRF, with MC cells having, as expected, lower values. In Figure 12 B, the initial gain of CRF excitation and ECI inhibition is plotted for each cell. As expected, the contrast gain of excitation to MC cells is generally higher than that for PC cells. Contrast gain values of ECI inhibition to MC and PC cells are less well segregated, but are on average higher in MC cells. We conclude that the contrast-response properties of the ECI largely reflect the properties of the CRF.
DISCUSSION
We show that the functional properties of marmoset lateral geniculate neurons are influenced by stimuli that extend beyond the boundary of the classical receptive field. This ECI is probably equivalent to the suppressive field identified previously (Hubel and Wiesel, 1961; Singer and Creutzfeldt, 1970; Levick et al., 1972) . We have three major findings. First, the ECI influences the response of PC cells less than it does MC or KC cells. Second, the degree of ECI inhibition is dependent on the contrast of the stimulus. Third, the spatial summation properties of PC and MC cells are influenced by ECI contrast.
Classical receptive fields and extraclassical inhibition in the LGN
We show here that the size of excitatory summation field of PC cells is smaller than that of MC cells at a given eccentricity. The radius of both CRF center and excitatory summation field increases with visual eccentricity. The excitatory field radius (r e ) is larger than the classical receptive field radius (r c ), but the two sizes are strongly linked. This suggests that the two measurements have a common underlying determinant.
Two possible sources of the excitatory summation field can be identified. The first is subthreshold excitation from the classical center mechanism. This is compatible with a Gaussian model of the classical center mechanism because a Gaussian is, by definition, infinitely large. Much of this region will be below threshold activation levels for the cell. A second potential source is the receptive field of one or more cortical cells, which provide an additional excitatory input to an LGN cell. The excitatory field size is compatible with cortical minimum discharge fields in marmoset V1 (radius of ϳ0.5°for parafoveal region) (Rosa et al., 1997) . In macaque monkey, cortical feedback to LGN cells increases the sensitivity of LGN neurons when stimuli are presented within optimal apertures (Przybyszewski et al., 2000) .
The source of extraclassical inhibition to LGN cells is unlikely to be the classical surround for three reasons. First, ECI gratings at or above the optimal spatial frequency of each cell caused inhibition (Fig. 4 A) . Second, there was no apparent relationship between the sizes of the classical surround and the ECI field. Third, although some contribution of the classical surround would be expected for small aperture diameters (this arises because space-averaged luminance is only constant if the aperture diameter is an integer multiple of the grating period), yet this effect would decrease with increasing aperture diameter. In sum- mary, it is possible that the classical surround contributes to the size of the excitatory summation field, but it most probably will not contribute to the ECI.
All this suggests that the ECI arises from a mechanism with a summation field that is slightly larger than the CRF center. One likely source of the ECI is interneurons within the LGN. In cat, these interneurons have similar spatial tuning to relay cells (Dubin and Cleland, 1977) , and each relay cell receives input from inhibitory interneurons with receptive fields slightly displaced from that cell (Singer and Creutzfeldt, 1970) . If this situation Dashed line is a 1:1 relationship. Most points fall above the line, indicating that the size of the excitatory field is reduced at higher contrast for all cell classes. B, Histogram of the ratio of r e (low contrast) to r e (high contrast) for all cells. C, Effect of contrast on the magnitude of ECI inhibition calculated as in Figure 3 . Dashed line is a 1:1 relationship. D, Histogram of the ratio of ECI inhibition at low contrast to that at high contrast for all cells. The majority of cells show a ratio greater than one, indicating that as contrast increases, there is an increase in the amount of ECI. holds in the primate, then the spatial extent of inhibition will be larger than that for excitation, causing aperture tuning. An additional source of the ECI field may already be present in retinal ganglion cells as a result of the action of inhibitory amacrine and horizontal cell networks. We asked whether the peripheral inhibition found here relates to the "shift-effect" of retinal and LGN cells (McIlwain, 1966; Cleland et al., 1971; Felisiberti and Derrington, 1999) . Felisberti and Derrington (2001) (their Fig. 3) showed that the shift effect in marmoset LGN, like the ECI, acts by divisive suppression on both MC and PC contrast sensitivity. Quantitative comparison on other dimensions, however, suggests that the shift effect and the ECI are quite distinct phenomena. The inhibitory summation field radius for ECI is Ͻ2°for all cells of Ͻ10°eccentricity (Fig. 5D ). This is much smaller than the inner aperture radius (5°) used by Felisberti and Derrington (2001) . Furthermore, the contrast sensitivity and spatial grain of ECI are linked to these properties of the CRF (Figs. 6, 12 ), but the MC and PC populations (with the possible exception of MC cells near the fovea) are rather uniformly influenced by the shift effect (Felisberti and Derrington, 2001 ).
Effects of contrast
The excitatory summation field of LGN cells was smaller at high contrasts than at low contrasts. The excitatory summation field of macaque V1 neurons likewise decreases with increasing contrast (Sceniak et al., 1999) . The mean ratio of excitatory field size at low contrast to that at high contrast in marmoset LGN was 1.31. In macaque V1, this value is 2.34 (Sceniak et al., 1999) . The LGN thus makes a substantial contribution, either in a feedforward manner or as part of a recurrent circuit, to contrast-dependent spatial summation in V1. Kremers et al. (2001) demonstrated small decreases in the CRF center size of MC cells at high contrasts, where the response of MC cells had already saturated. We show here that, in the same way as for V1 (Sceniak et al., 1999) , the ECI-induced decrease in the excitatory summation field in LGN occurs at contrasts below saturation levels in the LGN.
The contrast-response curves obtained in optimal apertures should be dominated by the properties of the CRF. Accordingly, responses measured in optimum apertures showed distinct characteristics for PC and MC cells (Figs. 11, 12) . However, the contrast sensitivity of MC and PC cells, when tested with large stimuli, shows substantial overlap in the marmoset LGN (Solomon et al., 1999; Kremers et al., 2001; White et al., 2001) . We show here (Figs. 11, 12 ) that one effect of the ECI field is to decrease the contrast sensitivity of MC cells more than PC cells, causing the sensitivity of the two populations to overlap more when the ECI is active. 
Functional utility of extraclassical inhibition
The suppressive effect of ECI depends on the contrast presented to the CRF as well as the contrast presented to the ECRF. The ECI field in the LGN thus is a potential source for a contrast gain control in relay cells. Such a geniculate gain control has already been suggested to account for the contrast-dependent nature of retinogeniculate transmission rates in primate LGN cells (Kaplan et al., 1987 (Kaplan et al., , 1993 , and may be further elaborated by cortical mechanisms (Heeger, 1992) .
The functional role of contrast-dependent aperture tuning in LGN may be the same as suggested for V1 (Sceniak et al., 1999) . As contrast increases, the excitatory summation field decreases, so image features are more spatially localized in the output of the LGN cell. If one accepts the arguments made elsewhere that PC cells are the major input to the "what" pathway of cortical visual processing, then relative freedom from extraclassical inhibition is functionally adaptive. The size and location of a pattern is less important for mechanisms fed by the PC pathway than the textural features of the pattern. Conversely, if MC cells dominate the "where" pathway, then the size and location of an object are critical variables, and greater extraclassical inhibition would be advantageous. In summary, our results are compatible with the hypothesized roles of the two major LGN subdivisions.
Extraclassical receptive fields in LGN and visual cortex
Our results reinforce previous evidence (Schiller et al., 1976; Cleland et al., 1983; Sillito et al., 1993; Jones et al., 2000) that at least some of the ECRF properties of cortical neurons are already present in the LGN afferents to cortex. Two clear distinctions must nevertheless be made between the ECRF properties of geniculate and cortical cells. First, in primary visual cortex of both cat and primate, ECRF effects are usually orientationspecific (Li and Li, 1994; Sillito et al., 1995; Levitt and Lund, 1997 ), but we found little evidence for orientation specificity of ECI in marmoset LGN. Second, the ECRF in primary visual cortex exerts both facilitatory and suppressive effects (Levitt and Lund, 1997; Polat et al., 1998) , but the effects in LGN were exclusively suppressive. It is still unclear whether these effects are linked, that is, whether the ECRF of primary visual cortical neurons is simply a combination of orientation-tuned facilitation and orientation-insensitive suppression (Schiller et al., 1976; Nelson and Frost, 1978; Levitt and Lund, 1997; Somers et al., 1998; Buzas et al., 2001 ). Our results do not address this proposal directly, but would give the following prediction. If the suppressive ECRF effects in cortex can be attributed entirely to the properties of LGN cells, then the suppressive aspect of the ECRF in primary visual cortical neurons should be orientationindependent, and the suppressive ECRF contrast sensitivity should bear the signature of the pathway (PC, MC, or KC) that provides the dominant input to the cortical cell. 
